Alzheimer's disease (AD) is characterized by accumulation of the β-amyloid peptide (Aβ), which likely contributes to disease via multiple mechanisms. Increasing evidence implicates inflammation in AD, the origins of which are not completely understood. We investigated whether circulating Aβ could initiate inflammation in AD via the plasma contact activation system. This proteolytic cascade is triggered by the activation of the plasma protein factor XII (FXII) and leads to kallikrein-mediated cleavage of high molecular-weight kininogen (HK) and release of proinflammatory bradykinin. Aβ has been shown to promote FXII-dependent cleavage of HK in vitro. In addition, increased cleavage of HK has been found in the cerebrospinal fluid of patients with AD. Here, we show increased activation of FXII, kallikrein activity, and HK cleavage in AD patient plasma. Increased contact system activation is also observed in AD mouse model plasma and in plasma from wild-type mice i.v. injected with Aβ42. Our results demonstrate that Aβ42-mediated contact system activation can occur in the AD circulation and suggest new pathogenic mechanisms, diagnostic tests, and therapies for AD.
A
lzheimer's disease (AD) is a progressive neurodegenerative disorder with a complex and still poorly defined etiology. Although multiple factors are likely involved in AD onset and development, a growing body of evidence implicates both neuroinflammation and peripheral inflammation in the disease (1) (2) (3) . Pathways capable of triggering inflammatory processes are therefore of particular interest to AD etiology and pathogenesis. One such pathway is the contact activation system, which is initiated when the plasma protein factor XII (FXII) is exposed to negatively charged surfaces (contact activation). Contact-activated FXII (FXIIa) triggers plasma kallikrein-mediated cleavage of high molecular-weight kininogen (HK) to release bradykinin, which promotes inflammatory processes including increased bloodbrain barrier permeability, edema, and cytokine expression (4) via interaction with receptors B 1 and B 2 (5) . In AD, a possible surface for FXII activation could be the AD-associated peptide beta-amyloid (Aβ), which has been shown to stimulate FXII-dependent plasma kallikrein activity (6, 7) and kallikrein-mediated HK cleavage (6, 8) 
in vitro.
Although the contact activation system is primarily thought to function in the circulation, there is evidence for its dysregulation in AD brain tissue: FXII is found in Aβ plaques (9) , increased plasma kallikrein activity is observed in the AD brain parenchyma (10) , and elevated levels of cleaved HK are found in cerebrospinal fluid (CSF) of patients with AD (11) . To our knowledge, FXII activation and HK cleavage in the periphery of AD patients have not been demonstrated.
Here, we show increased levels of FXIIa, HK cleavage, and kallikrein activity in the plasma of AD patients compared with nondemented (ND) control plasma. Furthermore, plasma HK cleavage is increased in a mouse model of AD and in wild-type mice i.v. injected with Aβ42, supporting a role for Aβ42 in ADassociated activation of the contact system. Activation of the contact system and associated bradykinin release in the AD circulation could contribute to the inflammatory and vascular dysfunction observed in the disease (3, 12) . Plasma HK cleavage may also be a useful, minimally invasive biomarker for identifying AD patients who could benefit from therapeutic strategies directed against FXII.
Results AD and Control Subject Characteristics. Two sets of plasma samples from AD patients and ND control individuals were obtained from two AD tissue banks (see Methods). Group 1 consisted of 18 AD and 11 ND samples matched with respect to age and sex (Table  S1) , and group 2 consisted of 10 AD and 10 ND samples matched with respect to age ( Table S2 ). The extent of dementia in these individuals had been reported using Clinical Dementia Rating (CDR) scores, where 0 = no dementia and 3 = severe dementia (13) , as well as Mini Mental State Examination (MMSE) scores, where 30 = no dementia and 0 = severe dementia (14) . At the time of blood draw, AD cases in group 1 had an average CDR score of 1.6 ± 1.3 (range, 0-3) and an average MMSE score of 16.5 ± 9.6 (range, 0-30), corresponding to moderate dementia. The presence of CDR 0 and MMSE 30 individuals in this group can be attributed to the fact that several patients (n = 3) were diagnosed with mild cognitive impairment or AD after blood draw. On autopsy, the majority of AD cases in group 1 (77.8%) were Braak stage 5 or 6, corresponding to severe dementia (Table S1 ) (15) . AD cases in group 2 had an average CDR score of 1.0 ± 0.6 at the time of blood draw, with the majority (80%) being CDR 0.5 or 1 (Table S2) , corresponding to very mild to mild dementia (13) . Group 2 individuals are still living, and therefore Braak stages are not available.
Significance
Alzheimer's disease (AD) is a growing public health problem, in part because there are no effective therapies. Major roadblocks to the treatment of AD are the lack of adequate diagnostic tools and the absence of viable therapeutic targets. It is now clear that AD is characterized by inflammation. Our results indicate that AD patients and mouse models have increased activation of a set of proteins known as the contact activation system in their circulation. We also demonstrate that the AD-related peptide Aβ can initiate activation of this system in the circulation of animal models. Because the contact activation system contributes to inflammation, our results suggest new pathogenic mechanisms, diagnostic tests, and therapeutic targets for AD.
Levels of Cleaved FXII and HK Are Increased in AD Plasma from Group 1.
Plasma was analyzed under reducing conditions, with results reported after normalization to transferrin loading control, plasma levels of which are not altered in AD (16) . Cleavage of the FXII zymogen (decreased intensity at 80 kDa) and the corresponding appearance of a FXIIa heavy chain band at 52 kDa were detected in 13 of 18 AD plasmas and 2 of 11 ND plasmas (Fig. 1A) . Levels of the 52-kDa heavy chain fragment, the generation of which typically corresponds to FXII activation, were higher in AD than in ND cases (0.47 vs. 0.07; P = 0.029; Fig. 1B ). Activation of FXII may occur in conjunction with comorbidities present in AD patients that are absent in controls. However, records of self-or caregiver-reported medical conditions indicate that AD cases did not have higher levels of hypertension, hypercholesterolemia, diabetes, myocardial infarction, or atrial fibrillation than controls (Table S1 ), arguing against a role for these comorbidities in the increased FXIIa levels observed in AD patient plasma. Interestingly, history of stroke was found in 5 of 18 (almost 30%) of AD cases but was absent in ND cases. Stroke is mediated by thrombosis and/or vessel rupture, both of which generate surfaces for FXII activation such as polyphosphates (17) and RNA (18) . However, excluding AD cases with history of stroke did not substantially change the FXIIa levels in AD and ND groups (0.47 vs. 0.07, respectively; P = 0.018; Fig. 1B) .
The presence of FXIIa in plasma (Fig. 1A) was accompanied by HK cleavage, seen as diminished signal intensity of intact HK bands at 120 kDa (Fig. 1C) . AD plasma as a group had much lower levels of intact HK than ND plasma (0.01 vs. 1.19; P < 0.0001; Fig. 1D ), even when AD cases with history of stroke were excluded (0.01 vs. 1.19; P = 0.0002; Fig. 1D ). Decreases in intact (single-chain) HK levels were accompanied by the appearance of cleaved HK fragments: the cleaved HK light chain band migrating at 56 kDa and an additional 45-kDa band representing a degradation product of 56-kDa cleaved HK light chain. Because HK cleavage products are rapidly degraded (19) , samples with high levels of HK cleavage did not necessarily have proportionally higher levels of HK light chain, making quantification of the HK breakdown products uninformative. Interestingly, some samples (e.g., AD1 and AD2) that did not have detectable FXIIa showed evidence of HK cleavage, demonstrating that HK cleavage is a more sensitive indicator of contact activation than FXII activation.
To further examine whether the reduction in intact HK levels observed by Western blot is a result of contact system activation, we measured the activity of plasma kallikrein, the enzyme responsible for HK cleavage. Kallikrein-like activity, measured by chromogenic substrate assay, was higher in AD plasma compared with ND plasma [40.9% vs. 4.5% of dextran sulfate 500 kDa (DXS)-activated plasma; P = 0.0006; Fig. 1E ] and correlated with HK cleavage (r = −0.81; P < 0.0001; Fig. 1F ). Because kallikrein generation is triggered by FXIIa, this result also indicates that FXII cleavage detected by Western blot represents FXII activation.
When levels of intact HK were plotted as a function of Consortium to Establish a Registry for Alzheimer's Disease (CERAD) score [a measure of Aβ plaque pathology in the brain on autopsy; 0 = normal brain; B = probable AD; C = definite AD (20) ], plasma from individuals with a CERAD score of 0 had higher levels of intact HK compared with plasma from individuals with a CERAD score of B (1.19 vs. 0.01; P < 0.05) or C (1.19 vs. 0.01; P < 0.001) (Fig. 1G) . The fact that HK cleavage is apparent in the plasma of individuals with CERAD B and does not increase further in those with CERAD C suggests that FXIIa-driven inflammation begins early in disease progression and is mostly developed by the time individuals reach CERAD B status. The idea that HK cleavage is an early event in AD is also suggested by its presence in plasma from three individuals who were cognitively normal at time of blood draw but went on to develop cognitive impairment (red points in Fig. 1D) . Indeed, the presence of preclinical AD may explain the FXII activation and HK cleavage observed in two ND samples ( Fig. 1 B and D) .
Levels of Cleaved HK Are Increased in AD Plasma from Group 2. We next tested plasma samples from a different tissue bank and from patients with AD at earlier clinical stages of disease (on average). Although FXIIa was not detected by Western blot in AD or ND plasma from group 2 ( Fig. S1 ), intact HK levels were lower in AD than ND (0.59 vs. 0.85; P < 0.0001; Fig. 2 A and B), as seen in group 1. Kallikrein-like activity was also increased in AD plasma (1.2% vs. 0.96% of DXS-activated plasma; P = 0.03; Fig. 2C ), corroborating the decreased levels of intact HK seen by Western blot.
Levels of CSF Aβ42, total tau (tau), and phosphorylated tau (p-tau) in group 2 were available from the Washington University Alzheimer's Disease Research Center. Decreased CSF Aβ42 levels are thought to be the earliest CSF marker of incipient AD, appearing as early as ∼15 y before onset of symptoms and remaining low as disease progresses, whereas CSF tau and p-tau Lane labeled "HK" is loaded with purified HK for positive control. (D) Intact HK levels normalized to transferrin were significantly lower in AD (P < 0.0001) than ND plasma. When AD cases with a history of stroke (n = 5) were excluded from the analysis, intact HK levels in AD SE remained significantly higher than in ND plasma (P = 0.0002). Red points in AD and AD SE groups represent individuals who developed cognitive decline at least 1 y after blood draw. (E) Kallikrein-like activity was higher in AD plasma compared with ND (P = 0.0006). (F) Kallikreinlike activity was inversely correlated to intact HK levels (r = −0.81; P < 0.0001). (G) HK levels normalized to transferrin were higher in both individuals with CERAD score B (P = 0.003) and those with CERAD score C (P < 0.0001) than in individuals with CERAD score 0. Samples were analyzed three separate times, with similar results. Results are presented as vertical scatter plots with medians, with statistical significance determined using the Mann-Whitney test for two-group comparisons and the Kruskal-Wallis test with Dunn's Multiple Comparison posttest for comparisons between multiple groups. levels (related to neurofibrillary tangle formation and neurodegeneration) begin to rise closer to the appearance of cognitive decline (21) . We therefore performed correlation analyses for these CSF biomarkers and intact HK levels. Levels of intact plasma HK were positively correlated with CSF Aβ42 (r = 0.63; P = 0.003; Fig. 2D ), consistent with increased HK cleavage in the plasma of individuals with lower CSF Aβ42. Intact plasma HK did not correlate with CSF tau (r = −0.11; P = 0.64; Fig. 2E ) or p-tau (r = −0.25; P = 0.28; Fig. 2F ), suggesting that increased HK cleavage may be an early event in AD progression that precedes substantial changes to neuronal injury markers.
Blood Draw Variables and Contact System Activation. Undetectable FXIIa and less dramatic HK cleavage in group 2 than group 1 may stem from the earlier disease stage of group 2 cases (CDR score: group 2, 1.0 ± 0.6 vs. group 1, 1.6 ± 1.3) and from differences in blood collection. Although we show that the degree of contact system activation may increase with disease progression (Fig. 2D) , the method of blood collection appears to also play a role, since ND plasma in group 2 had lower kallikrein activity than ND plasma in group 1 (Figs. 1E and 2C) .
In group 1, blood was drawn into heparinized Vacutainer tubes via vacuum, whereas group 2 blood was drawn into EDTAcoated syringes via aspiration. Heparin can promote contact system activation in a purified protein system (22) and in plasma diluted to 30% (23), but not in plasma diluted to 90% (24) , arguing against heparin-mediated activation of undiluted blood during collection. In contrast, EDTA is a Zn ++ chelator and may therefore prevent ongoing contact activation after blood collection, resulting in the detection of less FXIIa and intact HK in group 2. To test these possibilities, we evaluated the activation potential of blood from wild-type C57BL/6 mice collected into heparin or EDTA. Both EDTA-and heparin-anticoagulated plasma treated with the FXII activator DXS had comparably decreased levels of intact HK (Fig. 3) , indicating that heparinmediated promotion or EDTA-mediated inhibition of ex vivo FXII activation cannot explain the differences between groups 1 and 2. However, the possibility remains that long-term storage of frozen plasma with EDTA vs. heparin could lead to differences in ex vivo contact activation.
Another possible explanation is that plasma collected into Vacutainer tubes (with vacuum) has increased FXII-driven thrombin generation (25) and earlier clot formation (26) compared with blood drawn into S-Monovette tubes, which use a syringe-like mechanism. Thus, blood draw methods used for group 1 may have resulted in ex vivo amplification of smaller differences in contact factor activation present in vivo, which did not occur in group 2. (Fig. S2) , we focused on HK cleavage as a marker of contact system activation. Compared with nontransgenic wild-type littermate controls (WT), AD mice had decreased levels of intact HK (2.0 vs. 1.6; P = 0.0012; Fig. 4 A and B) . These data corroborate HK cleavage in human AD patient plasma and also support the idea that the increased HK cleavage in plasma from patients with AD is related to Aβ-driven AD pathology, and not to comorbidities present in AD patients.
We next investigated whether the increased HK cleavage found in plasma from AD patients and mouse models could be mediated by Aβ42, an aggregation-prone, negatively charged peptide. To control for nonspecific effects, scrambled Aβ42 as well as amylin, another aggregating peptide, were used. Peptide preparations were shown by transmission electron microscopy to be composed of similar-sized structures (Fig. 4C) . Incubation of Aβ42 but not scrambled Aβ42, amylin, or vehicle with WT (C57BL/6) mouse plasma resulted in HK cleavage ex vivo (Fig. S3) , confirming results obtained with human plasma (6, 8) . C57BL/6 mice were then i.v. injected with the same peptides or vehicle. Plasma from mice injected with Aβ42 but not scrambled Aβ42 or amylin had decreased levels of intact HK (2.8 ± 0.8 vs. 4.5 ± 1.0; P < 0.01; Fig.  4 D and E) and increased kallikrein-like activity compared to plasma from mice injected with vehicle (73.0 ± 38.2% vs. 4.9 ±1.9% of DXS-activated plasma; P < 0.001; Fig. 4F ). The presence of Aβ42 in the plasma of injected mice was confirmed by ELISA (17.1 ± 9.0 ng/mL in Aβ42-injected mice compared with undetectable levels in vehicle-injected mice; lower limit of detection = 0.0156 ng/mL; Fig. 4G ). Aβ42-mediated activation of the contact system in vivo, as determined by kallikrein activity in plasma, was both dose-dependent (r = 0.92; P < 0.0001; Fig. 4H ) and FXII-dependent, since injection of Aβ42 into FXII −/− mice did not result in increased kallikrein activity (Fig. 4I) . Our combined results indicate that circulating Aβ42 functions as a FXII contact activator capable of triggering kallikrein activity and HK cleavage in vivo and support the hypothesis that increased HK cleavage in AD patient and mouse model plasma is a result of Aβ42-mediated FXII activation.
Discussion
It is clear that AD is a complex, multifactorial disease, and it is likely that multiple disease mechanisms contribute to pathology. Here, we demonstrate increased activation of the contact system (as determined by FXII cleavage, kallikrein activity, and HK cleavage) in AD patient plasma, which represents a new potential mechanism of inflammatory pathology in AD. Although our study examines a relatively small number of samples, we demonstrated increased contact system activation in samples from two separate tissue banks, which provides the basis for further investigation of the role of the FXII-driven contact activation system in AD.
We also provide evidence that this phenomenon is related to AD-specific mechanisms, and not to comorbidities found in patients with AD, since mouse models of AD (in which pathology is driven by overexpression of Aβ) also had increased plasma contact system activation. Although it is possible that AD-related pathological changes downstream of Aβ42, and not Aβ42 itself, contribute to FXII activation in plasma, our results with i.v. injection of Aβ42 support the interpretation that contact system activation in AD is mediated by circulating Aβ42 in a FXIIdependent manner. In the Tg6799 mouse model of AD used in this study, levels of plasma Aβ42 are ∼2 ng/mL (28) compared with an absence of Aβ42 in littermate controls. These levels are only eightfold lower than the concentration of Aβ42 measured in WT mice i.v. injected with Aβ42 that exhibited plasma contact activation. The fact that scrambled Aβ42 had no effect on contact system activation suggests that a combination of total negative charge and density of negative charge play a role in Aβ42-mediated FXII activation.
If increased contact system activation in AD patient plasma is a result of the interaction between FXII and Aβ42, levels of plasma Aβ42 would be expected to be elevated before AD onset and during AD development. Although studies of high-risk populations for AD (familial AD patients, family members of AD patients, and Down syndrome individuals) demonstrate increased plasma Aβ42 concentrations compared with controls (29) , the relationship between circulating Aβ42 levels and sporadic AD progression is less clear: cross-sectional studies of plasma Aβ42 have produced inconsistent results, whereas longitudinal studies have generally found higher Aβ42 levels before and just at the onset of AD symptoms with a subsequent decrease (29, 30) . This suggests that increases in plasma Aβ42 could be an early event in AD development and supports Aβ42-mediated FXII activation as an early pathological process preceding the onset of symptoms. This is reflected in our results showing a positive correlation between the early disease biomarker CSF Aβ42 and HK cleavage. Although elevated levels of Aβ42 before AD onset would directly facilitate contact system activation, its levels in more advanced disease stages do not necessarily need to be elevated, since changes to the vasculature that precede and accompany AD (31) may create an environment that allows Aβ42 levels that cannot activate FXII in normal individuals to produce a pathological effect.
HK cleavage in AD patient plasma was not detected previously (11) . The inclusion of polybrene in blood collection tubes and the younger age of AD patients in that study may explain the discrepancy between our results. The elevated HK cleavage and kallikrein activity observed in AD patient plasma in our study need to be validated in a larger cohort that includes individuals with familial and sporadic AD, as well as individuals with other neurodegenerative diseases. Furthermore, blood collection protocols will need to be optimized to take advantage of the potential amplification of in vivo contact system activation observed in plasma from group 1, and standardized to minimize differences in plasma activation during collection and storage. Most likely, HK cleavage would need to be used in conjunction with other disease markers to serve as a diagnostic tool for AD, since FXII activation and HK cleavage may also be features of unrelated disease states. Increased levels of FXIIa have been found in chronic conditions such as systemic amyloidosis (7) and hyperlipidemia (32) , as well as after acute conditions such as ischemic stroke (33) and myocardial infarction (34) . Increased cleavage of HK has been Fig. S5) . (E) The levels of intact HK (sum of mHK and mHK-ΔD5 bands) normalized to transferrin were significantly lower (P < 0.001) in mice injected with Aβ42 than in vehicle-, Aβ42 scr-, or amylin-injected mice. (F) Kallikrein activity as measured by chromogenic substrate was increased in plasma from mice injected with Aβ42, but not Aβ42 scr or amylin, compared with plasma from mice injected with vehicle (P < 0.001). (G) Plasma Aβ42 levels in C57BL/6 mice injected with Aβ42 were significantly higher than in mice injected with vehicle (P = 0.001). In mice injected with vehicle, levels of Aβ42 were below the detection limit of the ELISA (0.0156 ng/mL). (H) The dose of Aβ42 (0, 3, 6, or 9 mg/kg Aβ42) injected into WT mice (n = 4 per dose) correlated with kallikrein activity levels in plasma (r = 0.92, P < 0.0001). (I) Kallikrein activity was increased in WT (n = 4 per group; P < 0.01), but not in FXII −/− mice injected with 6 mg/kg Aβ42 (n = 6 per group). Results are presented as vertical scatter plots with medians for B, G, and I and with means for E and F, with statistical significance determined using the Mann-Whitney test for B and G, ANOVA with Dunnett's posttest for E and F, and Kruskal-Wallis with Dunn's posttest for I.
observed in chronic conditions such as systemic lupus erythematosus (35) and certain cancers (36) , and during acute attacks in hereditary angioedema (37) . Evaluation of larger populations would help determine appropriate cutoff values for FXII activation and HK cleavage that may differentiate between AD and other disease states. We propose that chronic activation of the FXIIa-driven contact system by Aβ42 in the AD circulation can result in constant low levels of bradykinin-mediated inflammatory processes. These include increased blood-brain barrier permeability, increased extravasation of plasma proteins in the brain parenchyma, and cytokine up-regulation, all processes that are known to occur in AD (38, 39) . More importantly (and given that plasma Aβ42 levels are elevated before the appearance of clinical symptoms), these events could precipitate AD onset and lead to the pathological changes associated with AD. For example, extravasation of plasma proteins into the brain parenchyma causes glial activation (40, 41) , and the accompanying edema can cause narrowing of vessels, resulting in cerebral blood flow (CBF) disturbances (42) . Glial activation (43, 44) and CBF disruption (45, 46) are early events in AD development that can directly contribute to neuronal dysfunction (12, 38, 47) .
Monitoring the levels of plasma FXII/HK cleavage could be used as a diagnostic tool to help identify AD patients with this biochemical signature. If FXII activation is found to contribute to disease progression, identification of these AD patients may pave the way for new therapies aimed at neutralizing FXIIa, such as anti-FXIIa antibodies that specifically block FXIIa activity and interfere with FXIIa-driven bradykinin formation in plasma (48) .
Methods
Human Plasma Samples. Experiments with human plasma were approved by the Rockefeller Institutional Review Board. Plasma from AD patients and ND controls was obtained from the University of Kentucky Sanders-Brown Center on Aging (group 1) and Washington University Knight Alzheimer's Disease Research Center (ADRC) (group 2). For group 1, blood from participants giving written, informed consent was drawn into heparinized plastic Vacutainer tubes with a 23-or 21-gauge needle. AD cases were defined by a clinical diagnosis of AD, as well as a postmortem CERAD neuritic plaque score (20) of B or C, corresponding to probable or definite AD, respectively. ND cases had CERAD scores of 0 and no clinical diagnosis of AD. AD and ND cases were sex-and agematched (Table S1 ). For group 2, blood was drawn, using EDTA-coated syringes, into polypropylene tubes containing a final concentration of 5 mM EDTA. Plasma was prepared by centrifuging blood at 2,000 × g for 15 min and flash frozen on dry ice before storage at −80°C. Group 2 AD cases were defined by a CDR score (13) ≥0.5 and CSF Aβ42 levels <500 pg/mL, and ND cases were defined by a CDR score of 0 and CSF Aβ42 levels >500 pg/mL (Table S2) . CSF Aβ42 cutoff values for AD vs. ND were based on correlations between CSF Aβ42 levels and cortical amyloid load, as assessed by positron emission tomography with Pittsburgh Compound B (49).
Analysis of Contact System Activation in Human Plasma by Western Blot. Total plasma protein concentration was measured by bicinchoninic acid assay (BCA), and equal amounts of total protein from each sample were analyzed by reducing Western blot with monoclonal antibodies against FXII heavy chain (Haemotologic Technologies), HK light chain (Abcam), and transferrin (Abcam), in that order. Blots were stripped between antibody incubations and developed using Enhanced Chemoluminescent substrate (Perkin-Elmer). Protein levels were quantified using densitometric analysis with ImageJ (NIH).
Measurement of Kallikrein-like Activity in Human and Mouse Plasma. Plasma kallikrein-like activity was measured using the chromogenic substrate S-2302 (Chromogenix), based on the method described in ref. 50 , with some modifications. Plasma (diluted 1:30) in 20 mM Hepes with 140 mM NaCl was mixed with S-2302 (0.67 mM final concentration) in duplicate, and absorbance at 405 nm was read for 30 min at room temperature in a Molecular Devices Spectramax 384 Plus spectrophotometer. Rate of substrate conversion over time was calculated for each plasma sample by the data acquisition software (Softmax 6.1) and expressed as a percentage of the rate found for normal human or wild-type mouse plasma activated with DXS (Sigma). S-2302 can also be cleaved by FXIIa, FXIa, and plasmin. To determine whether S-2302 cleavage was mediated by members of the contact activation pathway (kallikrein, FXIIa, or FXIa) or plasmin, plasmin activity in all samples was determined, using a different substrate (Pefachrome-5329; Pentapharm), and found not to differ between AD and ND (Fig. S6) .
Mouse Lines. The Tg6799 mouse model of AD (Jackson) was used, which is double transgenic for APP/Presenilin 1 and expresses five familial AD mutations: three in APP (K670N/M671L, Swedish; I716V, Florida; V717I, London) and two in Presenilin 1 (M146L, L286V) under the mouse thy1 promoter. Tg6799 mice develop amyloid plaques at 2 mo of age and cognitive impairment by 4-5 mo of age (27) . Nontransgenic littermates were used as controls. For Aβ42 injection experiments, 2-mo-old C57BL/6 mice (Jackson) and FXII −/− mice backcrossed to C57BL/6 mice for >10 generations (51) were used.
Analysis of Contact System Activation in AD and Wild-Type Mouse Plasma. All animal experiments were conducted in accordance with the guidelines of the US National Institutes of Health Guide for the Care and Use of Laboratory Animals and with approval from the Animal Care and Use Committee of The Rockefeller University. Tg6799 mice (n = 7) or littermate control mice (WT; n = 7) at 6 mo of age were anesthetized with atropine (500 mg/kg body weight) and avertin (0.04 mg/kg body weight), intraperitoneally. Blood (100 μL) was collected via retroorbital bleeding through gel-repel-coated (Sigma) and polybrene-coated (Santa Cruz) capillaries into EDTA-coated tubes (BD) containing 5 mM EDTA. Plasma was prepared by centrifugation (1,500 × g for 15 min, twice) and stored in polypropylene tubes containing 5 mM EDTA. Total protein concentration was determined by BCA, and plasma from each mouse containing 20 μg total protein was analyzed by Western blot, using monoclonal antibodies against HK light chain (R&D) and transferrin (Abcam), in that order. Blots were stripped between antibody incubations. Protein levels were quantified by densitometric analysis. For experiments investigating the effect of different anticoagulants on ex vivo contact system activation, blood from C57BL/6 mice (n = 3) was collected into EDTA-coated tubes (as described above) or heparin-coated tubes (Sarstedt). Plasma was prepared as described above and stored in polypropylene tubes containing an additional 5 mM EDTA (final concentration) or 10 U/mL heparin (final concentration), respectively. Plasma was activated with DXS, 0.1 μg/mL final concentration, or vehicle for 20 min at 37°C; reactions were stopped with reducing sample buffer and analyzed by Western blot.
For in vitro and i.v. injection experiments, Aβ42, scrambled Aβ42, and amylin (Anaspec) were prepared as follows: peptides were resuspended in a minimum amount of 1% NH 4 OH and then diluted to 1 mg/mL with PBS. Peptide concentration was determined by BCA, and the state of aggregation was determined by transmission electron microscopy (see following). Plasma from C57BL/6 mice collected into EDTA, as described above, was incubated with 20 μM Aβ42, scrambled Aβ42, amylin, or vehicle for 1 h at 37°C and analyzed by Western blot. Aβ42 (3, 6, or 9 mg/kg body weight), scrambled Aβ42 (6 mg/kg), amylin (6 mg/kg), or vehicle were administered via retroorbital injection into 2-mo-old C57BL/6 or FXII −/− mice under anesthesia, using avertin and atropine as described above. After 6 h, blood was collected and processed as described above. Levels of plasma Aβ42 were determined at 6 h postinjection, using an Aβ42-specific ELISA kit (Life Technologies) according to the manufacturer's instructions.
Transmission Electron Microscopy. Samples were diluted to 0.1 mg/mL, applied to glow-discharged CF200-Cu grids (Electron Microscopy Sciences), washed three times with ultrapure water, and negatively stained with 2% uranyl acetate. Images were acquired using a JEOL JEM 100CX Transmission Microscope at The Rockefeller University Electron Microscopy Resource Center.
Statistical Analysis. Comparisons between groups were performed using the two-tailed Mann-Whitney test for nonparametric data. Comparisons between multiple groups were performed using Kruskal-Wallis test, followed by Dunn's Multiple Comparison Test. Comparisons of kallikrein-like activity between groups were performed using the one-tailed Mann-Whitney test. For i.v. injection experiments, comparisons between groups were performed using ANOVA, followed by Dunnett's Multiple Comparison Test for multiple groups with a single control. Data are presented as vertical scatter plots with medians and reported as medians or means ± SD in the text. Correlations between CSF biomarker measures, kallikreinlike activity, and Western blot results were examined using Pearson's correlation coefficient (r). P values ≤ 0.05 were considered significant (*), with values ≤ 0.01 designated **, values ≤ 0.001 designated ***, and values ≤ 0.0001 designated ****. Analyses were performed using GraphPad Prism 5 software.
